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Hybrid pumping appears as a promising compromise in order to reach the much coveted goal of
an electrically pumped organic laser. In such configuration the organic material is optically pumped
by an electrically pumped inorganic device on chip. This engineering solution requires therefore
an optimization of the organic gain medium under optical pumping. Here, we report a detailed
study of the gain features of dye-doped polymer thin films. In particular we introduce the gain
efficiency K, in order to facilitate comparison between different materials and experimental condi-
tions. The gain efficiency was measured with various setups (pump-probe amplification, variable
stripe length method, laser thresholds) in order to study several factors which modify the actual
gain of a layer, namely the confinement factor, the pump polarization, the molecular anisotropy, and
the re-absorption. For instance, for a 600 nm thick 5 wt% DCM doped PMMA layer, the different
experimental approaches give a consistent value K ≃ 80 cm.MW−1. On the contrary, the usual
model predicting the gain from the characteristics of the material leads to an overestimation by two
orders of magnitude, which raises a serious problem in the design of actual devices. In this context,
we demonstrate the feasibility to infer the gain efficiency from the laser threshold of well-calibrated
devices. Besides, temporal measurements at the picosecond scale were carried out to support the
analysis.
PACS numbers: 42.55.Sa, 42.55.Mv, 42.60.Da, 42.60.Lh, 33.20.Kf
I. INTRODUCTION
Photonic technology based on organic materials
has continuously progressed over the last decades [1].
Organic diodes (so-called OLEDs) have developed into
an industrially viable domain, whereas polymer based
integrated optical devices [2–4] have matured into robust
alternatives to semiconductor devices. Among their
advantages are the possibility for flexible substrates [5],
the quasi-unlimited versatility of materials [6], and a
more favorable bio- or chemical compatibility [7].
However, for more than twenty years, the direct elec-
trical excitation of stimulated emission in organic
semiconductors remains a major challenge [8, 9], al-
though solid-state organic lasers demonstrated their
high potential under optical pumping [10, 11]. In fact,
electrically-pumped organic materials exhibit several
extra losses mechanisms (triplet-induced problems
[12, 13], charge-induced absorption [14, 15] and ab-
sorption at metal contacts), which grow rapidly with
the current [8], creating a negative feedback loop [10, 16].
Therefore the excitation of organic materials via an
inorganic electroluminescent pump [12] is now consid-
ered as more realistic and thus as a highly promising
approach, since it allows to achieve an indirect electrical
pumping of the gain medium. Lasing in such hybrid
system was successfully demonstrated under various
pumping sources: micro-chip lasers [19], inorganic laser
diodes [20, 21], and even incoherent LEDs [22]. Indi-
rect electrical excitation requires to carefully examine
optical pumping to take into account the specificities
of these new pump sources and of organic materials.
Plasmon-assisted organic emitters and especially spasers
(plasmonic lasers) would also take benefit of such a
study, since their gain medium often involves organic
materials [23–25].
It is relatively easy to achieve lasing with laser dyes,
since these small molecules are commercially available
and provide stimulated emission in a great variety of
host matrices. However, quantifying their lasing features
is much more difficult, in particular predicting the
linear gain and lasing thresholds. In this paper, we
present a general perspective on the gain properties
of dye-doped thin films, using several complementary
approaches, such as threshold measurements, linear gain
measurements, temporal measurements, and simula-
tions. In order to provide guidelines for the comparison
of organic materials, a systematic description of gain
properties is introduced. In fact this field has remained
2largely unexplored, apart from a few works on particular
concentrations of specific dye molecules [26–29]. For
this purpose, our experimental test-beds are dye-doped
polymer thin-film lasers based on commercial laser
dyes, namely DCM, Rhodamine 640 (RH640) and
Pyrromethene 605 (PM605), embedded in a passive
matrix, in conventional configurations such as Amplified
Spontaneous Emission (ASE) and Fabry-Perot like
cavities, see Fig.1. The method proposed herein aims
at facilitating the engineering of photonic devices and
providing a tool for material preselection.
The article is organized as follows. First, Section II
presents the samples and the optical characterization se-
tups. Then section III provides a general description of
the gain, and introduces the relevant parameters, which
are then studied in details in the following Sections. The
specificities of the geometry are taken into account via
the confinement factor and the modal gain, which are
discussed and measured in Sec.IV. Based on these mea-
sured amplification properties, Sec.V provides a compar-
ison between the experimental laser thresholds and the
estimated values in the testbed configuration of Fabry-
Perot microlasers. The good agreement and the relia-
bility of this method stress the advantage to calibrate
gain measurements on laser threshold of well-controlled
devices. Then, in Sec.VI the impact of the pump polar-
ization on gain is accounted for through a model based on
fluorescence anisotropy in good agreement with experi-
ments. Spectral features influencing the evaluation of
gain are finally detailed in Section VII. The last section,
Sec.VIII, deals with the direct measurement of the bulk
gain by amplification of a probe beam, which leads to
an experimental value consistent with the previous ones,
contrary to theoretical estimations, which overestimate
the gain by two orders of magnitude.
Several appendixes provide additional descriptions of this
system. App.A and D deal with time-resolved experi-
ments, while App.B and C set some definitions on fluo-
rescence anisotropy and cross sections of laser dyes.
II. EXPERIMENTAL CONFIGURATIONS
The study reported in this article is focused on actual
optically-pumped organic lasers made of a single poly-
mer thin film, as presented in Fig.2. In order to get a
survey on their gain properties, several complementary
experiments were carried out on different sample types,
adapted to each experimental configuration. This Sec-
tion gathers information on the various experimental se-
tups used through the article and their typical samples.
First the lasing characterization setup, the fabrication
of samples and their geometry are described. Then we
detail the specificities of the samples used for amplifica-
tion measurements in Sec.VIII. Finally, both setups used
for time-resolved experiments are briefly discussed, with
more details given in App.A.
Figure 1: Molecular structures of the laser dyes studied in this
article, and normalized emission spectra of a 150 µm Fabry-
Perot like micro-laser doped with the corresponding dye.
(a) (b) (c)
Figure 2: Usual sample configuration, as described in Sec.IIA:
(a) The sample stack, not to scale; (b) In-plane scheme of a
ribbon (ie. Fabry-Perot like) resonator. The pumped part is
indicated by a green disk. The angle between the polarization
of the pump beam (double arrow) and the direction of the
detection (y axis) is called α. (c) Optical microscope photo
in real colors of a w = 165 µm PMMA-PM605 ribbon micro-
laser (partial view - bottom part).
A. Laser experiments
The typical layer stack is presented in Fig.2a. It is
made of a 600 nm thick PMMA layer (poly(methyl
metacrylate), purchased from MicroChem) doped with
a laser dye (5 wt%), and spin-coated on a commercial 2
µm Si02/Si wafer. For all experiments except amplifica-
tion measurements (Sec.VIII), we used PMMA with a
molecular weight of 495,000 at a concentration of 6 wt%
in anisole. The laser dyes were bought at Exciton and
used as received.
The polymer layer can be patterned by electron-beam
lithography, which generates arbitrary cavity shapes with
a nanoscale etching quality [30]. In Sec.V and VI, we fo-
cus on the simplest case of Fabry-Perot resonators, in
order to compare threshold measurements with theoret-
ical predictions.
The sample is pumped from the top (along the z axis,
see notations in Fig.2) by a frequency doubled Nd:YAG
3laser (532 nm, 500 ps, 10 Hz). Then the emitted inten-
sity is collected at the sample edge, in the layer plane
(xy plane). In fact, the index contrast between the silica
and the polymer layer allows for the confinement of the
electromagnetic fields within the layer plane (xy plane),
while the thickness of the film is chosen to be of the or-
der of the emission wavelength to get a single excitation
along z [32].
The energy and the linear polarization of the pump beam
are controlled independently with a standard combina-
tion of linear polarizers and half-wave plates. The polar-
ization of the pump beam lies within the layer plane (xy
plane) and its orientation in this plane is defined by the
angle α with respect to the y-axis (see Fig.2b), namely
α = 0◦ if the polarization is oriented along the y-axis,
and α = 90◦ if the pump polarization is along the x-axis.
The influence of α is discussed in Section VI. Unless oth-
erwise specified, a pump polarization with α = 90◦ is
being considered.
B. Amplification experiments
In Sec.VIII, we report the measurements of the lin-
ear material gain gmat by means of a pump-probe ex-
periment. The pump laser was identical to the above-
described experiment. The probe beam at 594 nm was
sent to measure the amplification by the excited dye-
doped polymer layer. Probe wavelength was chosen in
the spectral region with high dye emission cross-section
and negligible dye absorption. The setup is further de-
tailed in Sec.VIII.
In order to get a longer interaction path between the
probe beam and the excited film, the thickness and dye
concentration of the dye-doped polymer layer as well as
its substrate were changed. The sample used in amplifi-
cation experiment was a 18 µm PMMA layer (molecular
weight 950,000, 15 wt% in anisole) doped with 1.4 wt%
DCM, and spin-coated on a glass substrate.
C. Time-resolved experiments
Since organic emitters can return from the excited en-
ergy state to the ground state through different pathways
[11, 33, 34], the experimental analysis of any emission
from organic semiconductors is not complete without the
characterization of the emission dynamics. For this pur-
pose, we used two different experimental configurations.
First, a streak camera was recorded the temporal be-
havior of usual samples (see Subsec.II A), and shows the
difference between fluorescence, ASE, and laser dynam-
ics. The setup is presented in App.A. The main results
are gathered in Fig.15.
Then the decay of fluorescence was measured with a
Fluorescence-Lifetime Imaging Microscope (FLIM) de-
scribed in App.D. The samples were made of a 600 nm
thick PMMA layer spin-coated on a glass substrate and
doped with various concentrations of laser dyes, in order
to evidence the influence of quenching, as discussed in
Sec.VIII.
III. GAIN IN THIN FILMS
Gain properties of active media are of utmost impor-
tance for the design of photonic devices. However, the
usual gain terminology is not appropriate for comparing
amplification in different organic materials under differ-
ent pumping geometries. In this section, we analyze the
commonly used definitions of gain and their limitations,
and introduce an alternative and more relevant way to
account for gain in organic thin films.
Two parameters are used in the literature to describe
amplification: material and modal gain. Both describe
an average growth rate of electromagnetic flux per unit
medium length (in cm−1, [35]), but in different systems.
The material gain represents the gain in bulk, whereas
the modal gain describes amplification in the exact thin-
film geometry, accounting for transverse overlap of the
material gain (gmat) with the pump and propagating
mode profiles (Γ) inside the layer [36]:
gmod = Γ gmat − αmod (1)
Modal losses αmod should not be confused with material
(bulk) losses αmat, that will be described below. Modal
losses encompass all the losses that emerge due to
diffraction or scattering at the layer interfaces, i.e. losses
that are not present in a homogeneous bulk medium.
In the literature, experimental gains are generally
obtained in thin-film configuration with the “Variable
Stripe Length” technique (VSL) [36]. But, as a matter
of fact, these are modal gain values and are therefore
strongly influenced by the sample geometry (layer
thicknesses and refractive indexes), as well as experi-
mental conditions (eg. wavelength and orientation of
the pumping beam). Thereby, despite a great number of
publications on gain in organic materials, a systematic
comparison of gain properties is still lacking due to vari-
ations of experimental configurations. It is possible to
account for the impact of the system geometry through
the estimation of the confinement factor Γ. However, this
demands supplementary information, in particular the
absorption and stimulated emission spectra of the mate-
rial under study. An example is provided in Section IVB.
To reach the laser threshold, the challenge lies in get-
ting the material gain gmat greater than the losses. A pri-
ori, the gain of the bulk material gmat is not a constant, it
depends on several parameters including the wavelength
and pump intensity Ip. Gain in inorganic semiconductors
is known to vary logarithmically with the carriers density,
which in fact is proportional to the pump intensity, thus
leading to: gmat ∝ ln (Ip) [37]. However, early works
on dye lasers state that amplification in such medium
4is proportional to the density of excited molecules [38],
which in its turn depends linearly on the density of ab-
sorbed photons. This leads to the linear dependance of
the gain on pump intensity in an intensity range limited
by saturation and non-linear effects:
gmat = KIp − αmat (2)
where αmat gathers various losses mechanisms, some
independent on pump intensity (traps, for instance), and
some varying with the pump intensity, like polarons or
excited states.
The linear coefficient K, referred hereafter to as gain
efficiency, provides an alternative gain description.
We found a confirmation of expression (2) in some
publications [17, 28, 29, 39], listing modal gain at several
pump intensity values. The inferred gain efficiency K
is about 101 to 102 cm.MW-1 for dye-doped systems
[28, 29] and about 103 cm.MW-1 for conjugated polymers
[17]. The unit cm.MW−1 reveals that we consider the
pump intensity and not the pump fluence, following the
discussion in Sec.2.6.4 of [1].
A more comprehensive description of the material gain
gmat includes spectral influence, since the absorption and
emission cross-sections, σa and σe, depend significantly
on the frequency. The consequences on gain and lasing
features are described in Section VII. A pragmatic eval-
uation of both cross sections is presented in Appendix
C.
In this section, we introduced the gain efficiency K to
describe the amplification properties of the bulk material.
It can be measured by pump-probe experiment as illus-
trated in Sec.VIII. However, the actual gain of a layer is
modified by additional parameters: the confinement fac-
tor Γ (Sec.IV), the polarization properties (Sec.VI), and
the spectral features (Sec.VII). As long as the saturation
of absorption remains negligible, expression (2) is a good
approximation of the material gain. In the next section,
this linear dependance is experimentally confirmed in a
reasonable range of pump intensities.
IV. MODAL GAIN gmod
The Variable Stripe Length (VSL) technique is com-
monly used as a basic method to measure the gain in a
thin film device [36, 40]. In fact, it gives access to the
modal gain gmod, which depends on the overlap between
the pumped region and the laser field. In this Section,
we first measure the modal gain of our usual layer stack
described in Sec.II A. Then a general formulation of the
confinement factor Γ is proposed and calculated for this
specific case, in order to evidence the influence of the
sample geometry and experimental configuration.
A. VSL method
The modal gain gmod of the usual layer stack described
in Sect.II A was measured by means of the Variable Stripe
Length (VSL) technique. The pump beam was shaped as
a rectangle of fixed width (about 300 µm) and variable
length L. Then the emitted intensity was collected at
the sample edge, in the layer plane (xy plane), and the
modal gain can be inferred from its variation versus the
length L at a fixed pump intensity. Further details on
this experiment can be found in [41]. As shown in Fig.3
for a DCM doped PMMA layer, the modal gain varies
linearly with the pump intensity, which evidences that
Eq. (2) is sensible. The gain efficiency was then inferred
from a linear fit: ΓK = 41 ± 2 cm.MW−1. This value
depends on the specificities of the layer stack. As shown
in the next subsection, the confinement factor Γ can be
numerically calculated to estimate the influence of geo-
metrical parameters.
Even if this value of K is consistent with other experi-
mental measurements (see below, in particular Sec.V and
Sec.VIII), the VSL technique is known to be prone to ar-
tifacts [36, 42].
Figure 3: Modal gain versus pump intensity for a 600 nm
thick 5 wt% DCM-doped PMMA layer on a 2 µm SiO2/Si
layer, measured by VSL method.
B. Confinement factor
The confinement factor Γ was introduced in Eq. (1)
in order to account for the overlap of the material gain
gmat with the pump Ep and lasing El mode profiles [43].
Therefore it depends on the specific lasing mode El which
is considered. Eq. (1) is an abridged version of an expres-
sion, which involves the integration of the spatial profiles
of the fields and the gain efficiency over the volume of the
gain layer. For the sake of simplicity, we assume that the
field profiles are uniform within the sample plane (along
x and y-axes, see Fig.2), and consider only field varia-
tions along the layer thickness (z-axis), then integration
occurs only along the thickness of the gain layer h:
Γ =
´
h
dz f˜(z)|El(z)|
2´
R
dz |El(z)|2
(3)
5where f˜(z) is the normalized function describing the
distribution of the excited molecules along the z axis.
In some experiments, the gain is uniform within the
layer, which means f˜(z)=1 inside (for instance, no con-
centration variation and excitation homogeneously dis-
tributed within the layer) and null outside the layer. In
this specific case, the confinement factor is defined by the
ratio of the laser field overlapping the gain layer [44] :
Γ =
´
h
dz |El(z)|
2´
R
dz |El(z)|2
(4)
The confinement factor varies then between 0, when
there is no overlap between the laser field and the gain
region, and 1, when the whole field is located within the
excited layer.
However, in most configurations, the pump profile or
the distribution of the material gain is not uniform within
the gain layer, and this distribution must be taken into
account. In this case, we consider the normalized func-
tion f˜ defined by:
f˜(z) =
η(z)|Ep(z)|
2
Max[η|Ep|2]
(5)
where η(z) is the density of emitters over the layer thick-
ness (z axis) and Max[η|Ep|
2] is the maximum value of
the function η(z)|Ep(z)|
2. As f˜ varies between 0 and 1,
the emission field acts as an envelope for f˜(z)|El(z)|
2 in
Eq. (3). As a result, the upper limit of Γ becomes infe-
rior to 1 and depends on the overlap between the emission
profile and f˜ . Moreover, Eq. (3) leads to Eq. (4) for a
uniform gain, as expected.
The confinement factor can be calculated for a given
geometry, for instance for the configuration of the slab
waveguide presented in Fig.2a. For the pump field, we
consider a standing wave problem in a multi-layered sys-
tem: the dye doped polymer (refractive index n =1.54
and thickness h = 600 nm) and the SiO2 layer (n =1.46,
h = 2µm) placed between the semi-infinite medium (air,
n=1) and the substrate (Si, n =4.14). For the propa-
gating laser field, we use the model of the effective index
described in [32], and consider the first vertical excita-
tion with TE polarization, which means that the electric
field lies in the plane of the layer. Actually, for ASE and
Fabry-Perot microlasers, the laser emission is mostly TE
polarized [45].
The confinement factor was numerically estimated based
on Eq. (3). The pump profile |Ep(z)|
2 varies within the
layer due to absorption. Here, we consider a fixed pump
wavelength, λp = 532 nm, in accordance with the exper-
iments described in this article. Then, the confinement
factor Γ depends on the wavelength because of two dif-
ferent physical terms, namely the profile of the laser field
|El(z)|
2, and the emission cross-section via f˜ . Fig.4b ev-
idences that Γ remains close to 0.5 for the specific geom-
etry considered here. In this configuration, the variation
of the confinement factors with the wavelength is quite
similar for the three dyes (see Fig.4b), which means that
the emission wavelength in such devices will be defined by
the spectral shape of the emission cross-section (Fig.4c).
(b)
(a)
(c)
~ ~
|
Figure 4: (a) Distribution of f˜(z) for a 5 wt% DCM doped
PMMA layer pumped at 532 nm, from Eq. (5), distribution
of normalized |El(z)|
2 at 600 nm, and plot of f˜(z)|El(z)|
2.
z = 0 stands for the air-polymer interface. The pump is only
slightly absorbed by the DCM doped layer. (b) Confinement
factors Γ calculated from Eq. (3) in a 600 nm thick 5 wt%
dye-doped PMMA layer for DCM, RH640 and PM605 dyes.
(c) Normalized emission cross-sections, inferred from Eq.(C1).
Finally, Fig.5 presents the influence of the thickness of
the dye-doped PMMA layer on the confinement factor
Γ. In general, the increase of the layer thickness up to
some limit value (around 900 nm) results in an increase
of Γ, and thus of the gain. Actually the absorption of
the pump leads to a non-homogeneous excitation profile
within the layer (see Fig.4a). Increasing the layer thick-
ness results in the decay of the pumping field magnitude
towards the substrate (Fig.5a). In case of moderate de-
cay of the pumping field magnitude within the layer, the
overlap of the excitation and emission patterns improves.
However, when the gain layer becomes strongly, the exci-
tation profile decays faster than the emission profile thus
decreasing the overlap. The emission wavelength is also
impacted by the layer thickness, as shown in Fig.5c.
C. Conclusion on modal gain
In conclusion, the amplification properties are strongly
influenced by the exact geometry of the system and the
confinement factor is an appropriate tool to take into ac-
count such parameters. But, to have access to the gain
of the actual device, the input of the material gain gmat
is necessary. It can be inferred from VSL experiments, if
Γ is known. For instance, in the layer stack considered
here, Γ is about 0.5, which means that the gain efficiency
inferred from VSL experiments was in fact: K = 82± 4
cm.MW−1. A good agreement is evidenced in Sec.VIII.
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Figure 5: (a) Distribution of f˜(z) for a 5 wt% PM605 doped
PMMA layer pumped at 532 nm, from Eq. (5), distribution of
normalized |El(z)|
2 at 590 nm, and plot of f˜(z)|El(z)|
2. z = 0
stands for the air-polymer interface. (b) Maximum of the
confinement factor for the three dyes versus the thickness of
the gain layer. (c) Wavelength corresponding to the maximum
value of the confinement factor versus the thickness of the
layer.
and it is sometimes more convenient and reliable to de-
termine the gain from laser thresholds of well-controlled
devices, as shown in the next Section.
V. THRESHOLD ESTIMATE
Once the gain efficiency K is known, it can be used
to quantitatively predict the lasing threshold intensity
of a specific device. Reciprocally, K can be inferred
from threshold measurements in well-controlled config-
urations. This Section deals with both aspects of this is-
sue, using simple and well-known Fabry-Perot resonators.
The sample type and the characterization setup are
described in Sec.II A. The gain efficiency K measured by
VSL in Sec.IVA should then be still valid. To obtain a
Fabry-Perot resonator, a ribbon shape was chosen. Rib-
bon cavities were fabricated with different widths w rang-
ing from 100 µm to 200 µm. As shown in Fig.2bc, there
is no border in the x-direction, in order to prevent back
reflection along the x-axis, and therefore to avoid mode
competition, which would modify the lasing thresholds.
We then expect Fabry-Perot modes propagating along
the y-axis.
The ribbon resonator was pumped partially, as pre-
sented in Fig.2b. Here, we consider the most favorable
case, where the polarization of the pump beam is per-
pendicular to the y-axis, ie. α = 90◦, like in VSL exper-
iments described in Sec.IVA. Typical Fabry-Perot spec-
tra are presented in Fig.1. Their Free Spectral Range
(FSR) indicates that the lasing modes correspond indeed
to Fabry-Perot resonances [32]. Fig.6b shows typical I-I
plots, where the threshold intensity Ith is identified as a
change of slope with a precision of about 0.1 MW.cm−2
[46]. Then the experimental thresholds for the three dyes
are gathered in Fig.7.
(a) (b)
. .
Figure 6: Influence of the pump polarization α on the emis-
sion. Emission intensity versus pump intensity in the case of
(a) ASE, (b) a 165 µm DCM Fabry-Perot micro-laser.
To predict the threshold intensity, we assume that the
stationary regime is reached. This assumption is vali-
dated a posteriori thanks to the good agreement with
experiments. In the stationary regime, the threshold is
determined by the modal gain (and thus the pump inten-
sity) sufficient to compensate the losses:
regth2w = 1 (6)
with r standing for the total losses in the system. For
the sake of simplicity, we only consider refraction losses
(the major factor of losses in our system): r = R2, where
R =
(
n−1
n+1
)2
≃ 0.04 is the reflection coefficient at the
boundary (ncavity = n ≃ 1.5 / nair = 1). Pump intensity
at the threshold is then expected to be linear with 1/w:
Ith = −
lnR
ΓK
1
w
+
αmod
ΓK
(7)
using gth = gmod = ΓK Ith. As reported in Fig.7,
pump intensities at threshold show indeed a linear be-
havior with 1/w. Moreover, a quantitative agreement
with Eq.(7) is demonstrated for DCM in Fig.7a, using
R = 0.04 and ΓK=41 cm.MW−1, without adjusted pa-
rameter.
This agreement has several consequences. (i) The as-
sumption of a stationary regime should be valid. (ii)
Spatial hole-burning does not influence the thresholds,
whereas dye molecules lead to an homogeneous gain and
the spectra are multimode, even at threshold. (iii) Only
the losses due to refraction are taken into account in Eq.
(7). Hence the quantitative agreement means that the
losses due to diffraction at the cavity edges do not modify
the thresholds, as evidenced in [47], and that the Fresnel
coefficient for an infinite wall R does reproduce correctly
the refraction at the boundary, even if the cavity thick-
ness scales with the wavelength.
7Figure 7: Experimental threshold intensities versus 1/w at
α = 90◦ with different laser dyes: (a) DCM (together with
estimated values from Eq. (7), using ΓK=41 cm.MW−1 in-
ferred in Sec.IVA), (b) PM605 and RH640.
Table I: Comparison of gain efficiencies ΓK for the three dyes
inferred by fitting the experimental data of Fig.7 with Eq.
(7), using R = 0.04.
Dye DCM RH640 PM605
ΓK [cm MW−1] 42 ± 4 9 ± 1 81 ± 2
Fig.7 also shows departure from a linear behavior for
the smallest cavities (around 100 cm−1). More intricate
active phenomena occur in these cases and will be dis-
cussed in Sec.VII.
Reciprocally, Eq.(7) can be used to infer the gain ef-
ficiency for the three dyes. The fit results are given in
Table I. At first view, it would seem that PM605 is a
more efficient laser dye than DCM and RH640. How-
ever, the conclusion is intricate, since the pump wave-
length and the dye concentration were fixed, whereas a
proper comparison would require a specific optimization
for each laser dye.
To summarize, we evidenced that the gain efficiency
K inferred by the VSL technique in Sec.IVA is consis-
tent with threshold measurements of testbed Fabry-Perot
micro-lasers. Moreover, predictions can be made with
good precision (less than 10% of uncertainty). Instead of
measuring the gain by VSL or pump-probe experiments,
it is hence easier and more reliable to infer K from the
threshold intensity of well-controlled laser testbeds, such
as Fabry-Perot microlasers, the confinement factor Γ be-
ing calculated independently.
VI. INFLUENCE OF THE PUMP
POLARIZATION
Absorption and emission of light in organic semicon-
ductors are known to be strongly polarization-dependant
[33, 34, 45]. For instance, pump polarization can modify
ASE intensity and laser threshold up to a factor of three.
It is thus essential to take this issue into account. There-
fore this section focuses on the influence of the pump po-
larization on gain. A model is provided in quantitative
agreement for the three laser dyes.
Due to the molecular structure of organic materials,
amplification is in general anisotropic in such media [45].
In an approximate model, dye molecules in a polymer
matrix can be considered as fixed and non-interacting
dipoles. Each molecule absorbs preferentially along the
direction of its absorption dipole, and emits a fluorescent
photon according to its emission dipole. Both dipoles de-
pend on the geometry of the molecular structure. This
explains, that an ensemble of dye molecules can emit flu-
orescence in specific directions (monitored by the pump
polarization), even if they are isotropically distributed.
This phenomenon is known as fluorescence anisotropy
and has generated a broad literature (see [33] and [34]
for reviews). This effect was used for instance in Or-
ganic Light Emitting Diodes, aligning the molecules to
optimize the fluorescence emission [48, 49], or in thin
films to engineer the second harmonic generation and
the two-photon fluorescence [50]. Here, we focus on its
consequences on stimulated emission and gain. Theories
were developed to account for amplification anisotropy
[51–54], however we will show hereafter, that it can be
described in the framework of fluorescence anisotropy, in
good agreement with experiments.
We experimentally investigated the influence of the
pump polarization on ASE intensity and lasing thresh-
olds with the typical samples and the characterization
setup, which are described in Section IIA. ASE experi-
ments were carried out on doped PMMA layers, without
lithography step. As in the previous Section, we consider
testbed Fabry-Perot microlasers. The direction of obser-
vation remains along the width of the ribbon (y-axis in
Fig.2b), while the linear pump beam polarization lies in
the substrate plane and is varied between perpendicular
(α = 90◦) and parallel (α = 0◦) to the y-axis. Fig.6
presents the emitted intensity versus the pump intensity
in ASE and Fabry-Perot configurations. It suggests, that
the pump polarization α is a relevant parameter, which
influence is strongly related to the molecular structure of
the dye. For instance, the laser threshold is reduced by
a factor of three from α = 0◦ to 90◦ for DCM (Fig.6b),
which can be considered as a linear dipole due to its
elongated molecular structure, while the ASE curves
remain almost unmodified for PM605 (Fig.6a), which
features a more rounded-off skeleton (see Fig.1).
Figure 8: Role of the pump polarization on stimulated emis-
sion. (a) ASE in dye-doped PMMA thin film. (b) 180 µm
Fabry-Perot micro-lasers. The pump beam polarization α is
defined on Fig.2.b.
8To predict the dependance on α, we use a model based
on fluorescence anisotropy [34, 55, 56], which accounts for
a given distribution f of fixed and non-interacting dyes.
The emitted intensity Ie is proportional to an integral
over all the possible orientations Ω of a molecule:
Ie(α) ∝
ˆ
Ω
Pabs(α,Ω)Pem,y(Ω)f(Ω)dΩ (8)
Here Pabs stands for the probability of pump absorption
and is then proportional to a cosinus squared between the
pump polarization and the absorption transition dipole
of the molecule. Likewise Pem,y stands for the emission
probability in the y direction and is then a sinus squared
between the y direction and the transition emission
dipole of the molecule. Hence we must introduce the
angle β between the absorption and emission transition
dipoles of the molecule, which is known to be a constant,
depending only on the molecular structure of the dye [57].
To calculate expression (8), we must choose an appro-
priate distribution f . For instance, f is constant for an
isotropic distribution of molecules. As evidenced by el-
lipsometry measurements, spin-coating slightly aligns the
molecules in the layer plane. So we introduce an angle
θ0, such that f is constant between −θ0 and +θ0 and
zero outside (see Fig.16). A more comprehensive study
is reported elsewhere [55]. Here we skip the details and
go directly to the following formula [58]:
Ie(α)
Ie(α = 90o)
=
ρ+ 1
2
+
ρ− 1
2
cos 2α, (9)
where
ρ =
Ie(0
o)
Ie(90◦)
(10)
is a positive function of θ0 and cos
2 β, and is described
in Appendix B. As expected, the emitted intensity Ie is
maximal for α = 90◦, which was the configuration con-
sidered for VSL and threshold measurements (Sec.IVA
and V). For a linear dipole (β = 0) and an isotropic
3D distribution (θ0 = 90
◦), then ρ = 1/2, which means,
that a significant part of the light is emitted in the
y-direction, even if the pump polarization is parallel to
the y-direction.
Ie(α) describes the probability of fluorescence emis-
sion. Hence it is likely that the ASE intensity is propor-
tional to Ie. First we checked that the ratio
Ie(α)
Ie(90o)
does
not significantly depend on the pump intensity, namely
the fluctuations remain in the range of ±1% for pump
intensity varying from 4 to 80 MW.cm-2. The average
ratio Ie(α)
Ie(90o)
is then plotted versus cos(2α) in Fig.8a for
the three dyes in ASE regime. The curves present a linear
behavior, evidencing the validity of formula (9), even in
the stimulated emission regime. The ρ values presented
in Table II are then inferred from the linear fits and for-
mula (9).
Table II: Comparison of ρ values obtained from ASE and laser
threshold
ρ DCM PM605 RH640
ASE 0.33±0.03 0.77±0.03 0.46±0.03
Threshold 0.38±0.03 0.84±0.03 0.48±0.04
Validity of Exp. (9) can be checked for lasing thresh-
olds as well. In fact they can be considered as work-
ing points where the non-linear behavior is still rela-
tively low and fluorescence formula like Eq.(8) should
then apply [56, 59]. The gain value gth necessary to
reach the lasing threshold in the stationary regime is
determined by losses, which do not depend on α, lead-
ing to ΓK(α)Ith(α) = gth = const. Thereby, we ex-
pect the ratio of threshold intensities Ith(α)/Ith(90
o) of
the ribbon-shaped micro-lasers to be inversely propor-
tional to K(α)/K(90o). Besides, the emission intensity
Ie(α) should be proportional to K(α), at least in the lin-
ear regime close to threshold. Therefore K(α)/K(90o)
should be proportional to the right part of Eq. (9), as
well as Ith(90
o)/Ith(α). This latter ratio is plotted ver-
sus cos(2α) in Fig.8.b for w=180 µm Fabry-Perot micro-
lasers and shows indeed a linear behavior for the three
dyes. So a ρ value can be inferred for each of the dyes
from the right part of Eq. (9). The results are gathered
in Tab.II where the error bars correspond to the fluctua-
tions for ribbon widths varying from 150 to 200 µm.
Experimental results, presented in this section, were
obtained under linear pump beam polarization. In fact,
emission under circularly-polarized excitation can be de-
scribed in the same terms based on Eq. (9). In fact,
integration over α provides I(circular)
I(α=90o) =
ρ+1
2 < 1, imply-
ing that a circularly-polarized pump is less efficient than
a linearly-polarized one with α = 90o. This ratio was
verified for a 165 µm DCM ribbon micro-laser and gave
a ρ value identical to that in Tab.II.
For the sake of completeness, ρ values should be in-
ferred as well in the fluorescence regime. However the
high doping rate of the layers favors energy transfer from
an excited dye molecule to a neighbour dye molecule and
tends to make the emission isotropic [60]. Such a ten-
dancy towards isotropy (ρ = 1) does not occur obviously
in our stimulated systems (ASE and laser). Actually en-
ergy transfer is prevented, since its characteristic time,
typical of spontaneous processes, is much longer than
stimulated emission. The different time scales are evi-
denced in App.A.
To summarize, the ρ parameter quantifies the sensitiv-
ity to polarization. It is specific of a dye molecule and its
distribution in the layer. Such agreement between the ρ
values inferred from both ASE and lasing experiments for
the three dyes stresses the validity of our assumptions as
well as the interest of such an approach for predictions of
gain properties. In practice, the pump polarization must
be carefully controlled to optimize the gain of an organic
9layer, up to a factor of three.
VII. SPECTRAL FEATURES
Laser spectra from organic-based devices are in gen-
eral multimode and inscribed in an envelope (see Fig.1).
The distribution of the lasing frequencies is mostly deter-
mined by the resonator shape and is discussed elsewhere
[61]. Here, we focus on the envelope, in particular its
central wavelength, which depends on the gain medium
and is relevant for designing an actual device.
(a) (b)
Figure 9: Absorption and emission properties for PM605.
(a) Normalized absorption cross-section σa, normalized stim-
ulated emission cross-section σe, and normalized laser spec-
trum of a 150 µm Fabry-Perot micro-laser. (b) Zoom of (a).
Fig.9 evidences that the envelope of the lasing spec-
trum is not centered at the maximum of the fluorescence
spectrum. Here, following Mazumder et al. [62], we pro-
pose a simple explanation based on re-absorption. Due
to the overlap between absorption σa (λ) and stimulated
emission σe (λ) cross sections, unexcited molecules can
absorb photons emitted from excited states, which de-
creases the gain:
g (λ) = σe (λ)N
∗ − σa (λ) (N −N
∗) (11)
where N stands for the total density of dye molecules and
N∗ for the density of excited dye molecules. Hence, the
ratio of molecules γ(λ) = N∗th/N that must be excited to
reach the threshold depends on re-absorption [38, 62]:
γ(λ) =
N∗th
N
=
gth(λ) + σaN
σeN + σaN
(12)
At threshold, in the stationary regime, the gain bal-
ances the losses, and gth (λ) can be substituted by
− lnR/Γw for a Fabry-Perot resonator (see Eq. 6). γ(λ)
was plotted in Fig.10b for different widths w of the Fabry-
Perot (lnR and Γ remain unchanged) using σe and σa de-
termined in App.C. Each curve shows a minimum, which
corresponds to the lasing wavelength close to threshold.
The minimum of γ is blue-shifted when the width of the
Fabry-Perot decreases, i.e. when the loss of the cavity in-
creases. The order of magnitude is consistent with the ex-
perimental observations summarized in Fig.10a. A simi-
lar effect was reported using absorbers in micro-droplets
[62, 63].
In other words, the envelope of the lasing spectrum is
blue-shifted, when the quality factor of the resonator de-
creases [26]. Measurements of such spectral shifts for a
given gain material would provide a solid basis for the
experimental estimation of the cavity properties through
the spectroscopic study of the laser effect. Anyway, as
such shift can exceed a dozen of nanometers, it must be
taken into account to optimize the architecture of an ac-
tual device.
(a) (b)
Figure 10: Influence of losses on the spectral envelope: (a) Ex-
perimental spectra of Fabry-Perot cavities of different widths
w under the same pump intensity. The experiments were car-
ried out with a usual sample made of RH640 and the usual
setup, as described in Sec.II A. (b) Threshold condition γ(λ)
calculated with Eq.(12) for Fabry-Perot cavities of different
widths.
VIII. MEASUREMENT OF THE MATERIAL
GAIN gmat
The ultimate and most direct way to know the mate-
rial gain gmat is to measure the amplification of the layer
in a simplified geometry. Therefore in this Section, we
report the measurement of the material gain gmat by the
means of a pump-probe experiment, and then its estima-
tion based on intrinsic characteristics of the gain medium.
A. Pump-probe experiment
We carried out pump-probe experiments to get the
amplification factor, and then gmat. The set-up is sum-
marized in Fig.11. In this configuration, the pump and
the probe beams propagate roughly perpendicular to the
sample plane. As described in Sec.II B, the sample was
similar to the usual ones, but optimized for amplification:
(i) the gain layer was 18 µm thick to increase the ampli-
fication path, and (ii) the concentration of DCM was set
to 1.4 wt% to distribute the absorption of the pump over
the whole thickness. The pump beam was the same as
for microlasers tests (532 nm, 10 Hz, 0.5 ns) with a diam-
eter of 200 µm FWHM on the sample, measured with an
imaging system. The probe beam is from a Helium/Neon
laser (594 nm, continuous, ∅ 65 µm). Both beams are
incident on the sample at the Brewster angle to avoid
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Figure 11: Pump-probe set-up for measuring the material
gain gmat. Continuous probe beam and pulsed pump beam.
(a) Amplified probe beam. (b) Photodiodes. (c) Monochro-
mator. (d) Mirrors. (e) Glass slide.
parasitic reflections. They are not exactly parallel for
experimental convenience, but their linear polarizations
are parallel. The probe is collected on a rapid photodi-
ode (rise time about 1 ns), its signal being sent to a 1
GHz oscilloscope triggered by the pump. A bump is vis-
ible, when the pump is on. A typical trace is presented
in Fig.12a. Several tests were performed to ensure that
the bump rightly comes from the probe amplification.
In particular, a monochromator showed that there is no
bump out of the probe wavelength (ie. 594 nm). There-
fore the bump does not originate from fluorescence, but
from stimulated emission.
Pump signal
(not to scale)
Probe signal
(a) (b)
ΔA
A
Figure 12: (a) Typical signals of the probe and pump beams
detected by the photodiodes. (b) Amplification factor versus
the pump intensity for a probe intensity Ipr = 435 W.cm
−2.
To infer the material gain gmat and the gain efficiency
K from the amplification factor ∆A/A measured experi-
mentally (Fig.12), we use the equation of propagation for
the probe intensity Ipr :
dIpr = gmatIpr dz = KIpIpr dz (13)
which depends on the pump intensity Ip. Assuming that
the absorption of the probe is not saturated and remains
linear within the thickness h of the layer - a more realistic
situation is treated hereafter - then:
Ipr(h)
Ipr(0)
=
A+∆A
A
= eKIph (14)
As the amplification factor ∆A/A is smaller than 1 (see
Fig.12a), then, in a linear approximation, it is propor-
tional to the gain efficiency K:
∆A
A
= KIph (15)
In practice, the absorption of the pump beam must be
taken into account. Similar considerations lead to the
conclusion that the thickness h of Eq. (15) must be re-
placed by an effective one:
h→ heff =
1− e−αh
α
where α is the absorption coefficient of the material at the
pump wavelength: α = Nσa(λ = 532nm). With the pa-
rameters of this experiment, the correction corresponds
to the absorption of the pump over an effective thickness
heff = 9 µm, ie. half the actual layer thickness.
As the temporal behavior of the amplification repro-
duces the temporal profile of the pump (see Fig.12)a,
the variation ∆A was measured at the maximum of the
bump signal, and the factor Ip involved in Eq. (15) is
the peak intensity of the pump at the entrance of the
layer. The measured amplification factor ∆A/A versus
the peak intensity Ip is plotted in Fig.13 for different
probe intensities. The whole set of experimental data is
linearly fitted, the slope being proportional to the gain
efficiency K, leading to K = 20 ± 5 cm.MW−1. Here
the main source of uncertainty comes from the temporal
profile of the pump beam (assumed to be gaussian) and
its duration.
Figure 13: Amplification factor ∆A/A (left axis) and absorp-
tion (right axis) versus pump intensity. The dotted line is a
linear fit of the set of amplification factors measured at dif-
ferent probe intensities, with I0 = 291 W.cm
−2.
In summary, amplification measurements with a 1.4
wt% DCM doped layer give K ≃ 20 cm.MW−1, while
measurements by VSL technique (Sec.IVA) and laser
thresholds (Sec.V) with a 5 wt% DCM doped layer lead
to K ≃ 80 cm.MW−1. A linear extrapolation from 1.4
11
wt% to 5 wt% gives a slightly different value, K ≃ 70
cm.MW−1, which is consistent with the precision of the
measurements.
B. Estimation of the gain efficiency
In addition, the gain efficiencyK can be predicted from
the material characteristics, which is a priori more conve-
nient than carrying out experiments. However, we show
in this Section that predictions significantly overestimate
the gain.
The material gain at the wavelength 594 nm is given
by
g594mat = σ
594
e N
∗
where N∗ is still the density of excited molecules. The
vibrational states are known to relax in less than 1 ps
[33, 34], therefore much faster than the timescale involved
in this study. We assume then that the dye molecules can
be considered as an effective two level system, where N0
is the density of dye molecules in the ground state and
N = N0+N
∗ is the density of all the dye molecules. The
triplet states are neglected, since the timescale involved
in this study (see App.A) is much shorter than the typical
time for intersystem crossing. The rate equation for N∗
follows then:
dN∗
dt
= σ532a N0
Ip
hνp
+ σ594a N0
Ipr
hνpr
− σ594e N
∗
Ipr
hνpr
−
N∗
τf
(16)
where τf is the lifetime of fluorescence. Laser threshold
experiments reported in Sec.V are consistent with the as-
sumption of a stationary regime. Hence we still consider
this assumption here, and the left part of Eq. (16) is
cancelled out. Then N∗ can be expressed as:
N∗ = N
σ532a
Ip
hνp
+ σ594a
Ipr
hνpr
σ532a
Ip
hνp
+ σ594e
Ipr
hνpr
+ 1
τf
(17)
The cross sections are evaluated in App.C. The second
term in the numerator of N∗ is several order of magni-
tude smaller than the first one, and is thus neglected.
Similarly, as Ipr/Ip ∼ 10
−4, the second term in the de-
nominator is neglected, leading to:
N∗ = N
σ532a
Ip
hνp
σ532a
Ip
hνp
+ 1
τf
(18)
The linear regime presented in Fig.13 corresponds to the
case:
σ532a
Ip
hνp
≪
1
τf
(19)
which means that Ip should be less than 8 MW.cm
−2,
in agreement with Fig.12b. In the linear regime, expres-
sion (18) leads to the following expression for the gain
efficiency:
K = σ594e
N∗
Ip
= σ594e σ
532
a N
τf
hνp
(20)
In App.D, τf was measured and is about 2 ns. The other
quantities involved in expression (20) are estimated in
App.C, and lead to K ≃ 2 000 cm.MW−1, so 100 times
higher than the experimental value.
This estimation leads to two major conclusions. (i) The
derivation of Expression (20) was not specific to the DCM
dye. Moreover, the numerical values used to estimate K
correspond to the properties of DCM, but do not change
significantly from one dye to another. Hence, the esti-
mation of the gain efficiency K ∼ 2 000 cm.MW−1 is
roughly independent of the laser dye, under the assump-
tion of a stationary and linear regime. (ii) This strong
discrepancy between the estimated and measured gain ef-
ficiencies may be explained by different factors. In fact,
several loss processes were not taken into account in the
derivation of Expression (20), like for instance absorption
by excited states, re-absorption, and quenching, whereas
they were evidenced in Sec.VII and App.D.
Furthermore, numerical simulations based on the
Tang-Statz-deMars rate equations [64, 65] lead to a
gain which depends significantly on the pump duration
and the involved losses. In general, the assumption of
stationary pumping overestimates the gain efficiency.
However the actual dynamics and loss processes are
difficult to quantify and strongly depend on the specific
thin film which is investigated. For instance, the
presence of aggregates - which leads to quenching - is
strongly dependent on the fabrication process [66].
We conclude this Section by pointing out that the ma-
terial gain gmat can be effectively measured by the means
of a pump-probe setup, leading to a gain efficiency of
K = 20 cm.MW−1 at 594 nm for 1.4 wt% of DCM in
PMMA pumped at 532 nm. This result is in good agree-
ment with the experimental values inferred from the VSL
method in Sec.IVA and laser thresholds in Sec.V. The
predicted K is two orders of magnitude higher. However
this estimation must be treated with care, since it does
not include the dynamics and intra- and inter-molecular
processes which reduce the gain significantly and cannot
be easily quantified.
IX. CONCLUSION
In this paper, we have investigated the amplification
properties of dye-doped polymer thin films. The gain ef-
ficiency K was introduced to facilitate the comparison
between different materials in various configurations. It
represents the linear ratio between gain and pump in-
tensity, in the limit of validity of such a linear behav-
ior. It was consistently measured by different methods
(pump-probe amplification experiment, VSL technique,
laser thresholds), and is about 80 cm.MW−1 around 600
12
nm for a 5% DCM-doped PMMA layer pumped at 532
nm with 0.5 ns pump pulses. A rough theoretical predic-
tion overestimates its value by two orders of magnitude.
Refinements of this model lead to gain values in better
agreement, but they depend on different features of the
dye-doped thin film which can hardly be measured quan-
titatively.
Several parameters alter the bulk gain and must be taken
into account to design an actual device. First, the con-
finement factor Γ includes the geometrical features and
the overlap between the pump beam and the propagating
laser field. It varies typically from 0.3 to 0.8. Then, the
intrinsic anisotropy of the molecular structure induces a
sensitivity to the polarization of the pump beam, and
can modify the gain up to a factor of three. Incidentally,
we showed that the gain measurement is sensitive to the
anisotropic distribution of the dye molecules within the
layer, and provides therefore an indirect method of es-
timation. Finally, the gain spectrum is monitored by
reabsorption processes and its central wavelength can be
predicted relatively well. For all these parameters, we
performed relevant experiments which are mutually con-
sistent and also in agreement with theoretical predictions.
In conclusion, we showed that a theoretical prediction of
gain is in general not reliable. In fact, the actual gain
depends strongly on quenching and on the anisotropy of
the dye distribution, which are monitored by the fabrica-
tion process of the layer. Therefore, we propose to eval-
uate the gain properties by comparison with well-known
calibrated devices, such as the Fabry-Perot microlasers
reported here. We hope that this work will help to pave
the way towards an electrically pumped hybrid organic-
inorganic laser.
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Appendix A: Temporal behavior
This Appendix focuses on experimental studies of
the temporal properties of spontaneous and stimulated
emission in dye-doped polymer thin films. The usual
dye-doped PMMA layers described in Sec. II A were
pumped with a frequency doubled Nd:YAG laser (10
Hz, 532 nm, 35 ps) and the emission was collected
through a monochromator and then injected into a
streak camera (Optoscope by ARP) with about 8 ps
temporal resolution. Fig.14 presents a simplified scheme
of the setup. In order to prevent the influence of guiding
effects, the layers used for fluorescence study were
directly spin-coated on a Si substrate and θ was set to
55◦, while a SiO2/Si substrate was used for ASE and
Fabry-Perot samples with θ = 0◦.
Pump laser
Trigger
Figure 14: Scheme of the setup used for temporal studies.
The retardation line is not shown. For ASE and Fabry-Perot
measurements, θ is set to zero, and the emission is collected
in the plane of the layer. For fluorescence measurements,
θ = 55◦ in order to prevent propagation effects.
Figure 15: Dynamics of the spontaneous and stimulated emis-
sions in a PMMA layer doped with 5 wt% of DCM: (a) fluores-
cence and ASE , (b) Pump signal, ASE, and lasing emission
from a Fabry-Perot cavity of width w = 200 µm just above
the threshold. Averaging over 20-100 pump pulses.
As evidenced in Fig.15, the temporal behavior of the
ASE signal replicates that of the pump (except for
RH640, which exhibit a small exponential relaxation of
ASE, not shown here), whereas the fluorescence emission
occurs over a longer time scale. Regarding the lasing
emission from a Fabry-Perot cavity, Fig.15b evidences
that it is delayed by some 20 ps. This delay decreases if
the pump intensity increases and the Fabry-Perot width
w decreases, as expected since the build-up time of the
laser emission decreases as well. It can be noticed that
no spiking is observed at a 100 ps scale, contrary to [27],
maybe due to the shorter pump pulse.
Appendix B: Fluorescence anisotropy
This Appendix provides the expression of the ρ factor
mentioned in Sec.VI. We consider an ensemble of fixed
and non-interacting fluorophores, and are looking for the
emitted intensity in the y direction, Ie, depending on
the polarization of the linear pump beam α (see Fig.2b
for notations). ρ is defined as Ie(α = 0) normalized by
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Figure 16: Definition of θ0. Left: Scheme of a polymer layer
with randomly distributed fluorophores (not to scale). Right:
θ0 is defined such as each dye is orientated between −θ0 and
+θ0.
Ie(α = pi/2):
ρ =
Ie (α = 0)
Ie (α = 90)
and was introduced to simplify formula (9).
In practice, ρ depends on two parameters, namely the
distribution of dyes and the angle β between the ab-
sorption and emission dipole moments, which is roughly
constant for a given dye. Here we chose an isotropic
distribution of dyes within an angle θ0, as depicted in
Fig.16. Then, the limit case θ0 = pi/2 corresponds to a
three-dimensional isotropic distribution, and θ0 = 0 to
a bi-dimensional distribution, where the dyes lie within
the layer plane, which most likely applies to spin-coated
light-emitting polymers [67].
A comprehensive derivation is described elsewhere [55],
the final formula being as follows:
ρ =
A1 (β)B1 (θ0) +A2 (β)B2 (θ0)
A1 (β)B1 (θ0) +A2 (β)B3 (θ0)
(B1)
where the functions Ai (β) and Bi (θ0) are defined by:
A1 (β) = 2− 2 cos
2 β,
A2 (β) = 1− 3 cos
2 β,
B1 (θ0) = 30 + 10 sin
2 θ0,
B2 (θ0) = −15− 10 sin
2 θ0 + 9 sin
4 θ0,
B3 (θ0) = −45 + 10 sin
2 θ0 + 3 sin
4 θ0.
and are introduced for the sake of compacting Eq. (B1).
In limit cases of 2-D (θ0 = 0) and 3-D (θ0 = pi/2) distri-
butions, the expression of ρ reduces to:
ρ2D (β) =
3− cos2 β
1 + 5 cos2 β
ρ3D (β) = 2
2− cos2 β
3 + cos2 β
For instance, in the case of a 2D distribution and parallel
dipole moments for absorption and emission (ie. β = 0),
then ρ = 1/3. For DCM, it was reported in [60] that
β = 25◦ under excitation at 461 nm. Assuming a 2D
distribution of chromophores leads to ρ = 0.43.
Appendix C: Absorption and stimulated emission
cross-sections
In this Appendix, the values of the absorption and
emission cross-sections are inferred from experimental
data.
1. Absorption cross-section
The factor σa(532)N is inferred from the absorption of
the pump, see Fig.13:
e−σa(532)Nh ≃ 0.2→ σa(532)N ≃ 9.10
2cm−1
where h = 18µm is the thickness of the layer in the
configuration of Fig.13.
2. Emission cross-section
The emission cross-section is shaped as the fluorescence
spectrum E(λ) and given by the following formula [1, 38]:
σe(λ) =
φλ4
8pin2cτrad
E(λ)´
E(λ)dλ
(C1)
where c is the velocity of light in the vacuum. If we as-
sume that fluorescence is the only decay channel from the
S1 excited state, then the quantum yield φ is equal to 1,
and the radiative lifetime τrad is equal to the fluorescent
lifetime measured in Sec.D, τrad ≃ 2 ns. Formula (C1)
is based on two main assumptions, which seems valid in
this study: (i) the emission occurs from the lowest vi-
brational state of the S1 band, and (ii) the density of
electromagnetic modes is purely classical, without quan-
tum confinement effect. With a refractive index n = 1.5,
formula (C1) leads to:
σe(λ = 594 nm) ≃ 4.10
−16 cm2
It must be emphasized, that the value of σe cannot
change very much from one molecule to another one,
since the refractive index is typically 1.5-2, the radia-
tive lifetime is about 1 ns, and the fluorescence spectrum
is about 50 nm wide. Hence, formula (C1) leads to more
or less the same emission cross-section whatever is the
dye.
Appendix D: Evidences of aggregates and
fluorescence lifetimes
In this Appendix, we report experiments evidencing
the presence of aggregates in the dye-doped layer. Actu-
ally these aggregates quench the emission, and then lead
to a decrease of the gain.
Experiments were carried out with different doping rates
of DCM in a PMMA layer spin-coated on a glass slide.
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The excitation was provided by a frequency doubled
Yb:KGW laser (10 MHz, 400 fs) and the fluorescence
was collected by a time-resolved single-photon counting
photo-multiplier (QA, Europhoton Gmbh). The setup is
described in [68] and was initially dedicated to the study
of the relaxation of fluorescence anisotropy. Here, we
consider only data related to evidences of aggregates.
Figure 17: Dynamics of fluorescence for several concentra-
tions of DCM in a PMMA layer: (a) I|| component of the
fluorescence intensity. It is polarized along the polarization
of the pump, in contrast to I⊥, which is polarized orthog-
onally to the pump. (b) Polarization anisotropy parameter
r =
(
I|| − I⊥
)
/
(
I|| + 2I⊥
)
a standard fluorescence anisotropy
parameter.
Figure 17 presents the dynamics of fluorescence for two
dye concentrations. For 0.5 wt% of DCM, the plot is lin-
ear in logarithmic scale, which corresponds to a monoex-
ponential decay, as expected for single dye molecules. For
5 wt% of DCM, the plot is obviously not linear, which
evidences the presence of dye aggregates in the layer.
Moreover the shape of the curve is in good agreement
with the usual theory [69]. Actually, depending on the
geometrical arrangement of the dye molecules inside an
aggregate, the fluorescence rate is either increased (J-
aggregates) or slowed down (H-aggregates). Indeed, the
slope of the curve with 5 wt% of DCM is first higher and
then lower than the slope of the curve with 0.5 wt% of
DCM, which evidences the presence of both types of ag-
gregates.
This observation is fully consistent with a systematic
study of dye aggregation reported in [66]. In fact, to op-
timize the optical quality of the dye-doped PMMA layer,
it is annealed at 120◦C, ie. above the Tg of PMMA. As
reported in [66], this process “leads to irreversible phase
separation and the formation of dye aggregates”.
In consequence, the fluorescence lifetimes were measured
with slightly doped layers (0.5 wt%), and lead to 1.8 ns
for DCM, 2.6 ns for RH640 and 1.5 ns for PM605, in
consistence with measurements reported elsewhere [70].
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